2 The opportunistic pathogen Pseudomonas aeruginosa is a leading cause of airway infection in 3 cystic fibrosis (CF) patients. P. aeruginosa employs several hierarchically arranged and 4 interconnected quorum sensing (QS) regulatory circuits to produce a battery of virulence factors 5 such as elastase, phenazines, and rhamnolipids. The QS transcription factor LasR sits atop this 6 hierarchy, and activates the transcription of dozens of genes, including that encoding the QS 7 regulator RhlR. Paradoxically, inactivating lasR mutations are frequently observed in isolates from 8 CF patients with chronic P. aeruginosa infections. In contrast, mutations in rhlR are rare. We have 9 recently shown that in CF isolates, the QS circuitry is often "rewired" such that RhlR acts in a 10 LasR-independent manner. To begin understanding how QS activity differs in this "rewired" 11 background, we characterized QS activation and RhlR-regulated gene expression in P.
c. Product descriptions from PAO1-UW reference annotation, with the exception of those genes not present in the PAO1 genome (see Materials and Methods) which are described as annotated in the de novo genome.
Bold denotes genes not previously identified as QS-regulated (Schuster et al., 2003) . 143 144 We also identified several well-known virulence genes including those that encode biosynthetic 145 machinery required for rhamnolipid (rhlAB), hydrogen cyanide (HCN; hcnABC), elastase (lasB), 146 and pyocyanin synthesis (phzABC1). Elastase is an exoprotease known to degrade various 147 components of the innate and adaptive immune system including surfactant proteins A and D 148 [29, 30] . Rhamnolipid and pyocyanin have also been previously appreciated for their roles in 149 airway epithelium infiltration and damage [31, 32] . In addition, our RNA-seq analysis revealed 150 hsiA2, the first gene in the cluster encoding the Second Type VI Secretion System, which 151 facilitates the uptake of P. aeruginosa by lung epithelial cells [33] .
152
153 While QS control of the phenazine biosynthesis pathway has been reported previously, only one 154 of the two "redundant" operons ("phz1"; phzA1-G1) was indicated [3] . Interestingly, our 155 transcriptome analysis found that RhlR also regulates the first two genes of the second phenazine 156 operon ("phz2"; phzA2-G2) in E90, albeit at a slightly lower level than phz1. Both operons encode 157 nearly identical sets of proteins, each with the capacity to synthesize the precursor (phenazine-158 1-carboxylic acid) of many downstream phenazine derivatives, including the virulence factor 159 pyocyanin [34] . Despite their seemingly redundant function, phz1 and phz2 do not appear to be 160 regulated in concert. In strain PA14, although phz1 is more highly expressed than phz2 in liquid 161 culture, similar to what we observed in the E90 RhlR regulon, phz2 actually contributes more to 162 overall phenazine production in liquid culture [35] . Furthermore, phz2 is the only active phz operon 163 in colony biofilms, and was the only phz operon implicated in lung colonization in a murine model 
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We do not know the mechanism or genetic modifications that resulted in Las-independent RhlR 224 activity in isolate E90. In strain PAO1, in which the hierarchy of QS was initially described, LasR 225 mutants can readily evolve an independent RhlR QS system through inactivating mutations of 226 mexT, which encodes a non-QS transcriptional regulator [24, 26] . However, this is not the case in 227 isolate E90, which possesses a functional mexT allele. We did observe that rhlI expression is 228 upregulated by RhlR in E90 unlike in PAO1, where rhlI expression is predominately LasR-229 regulated [45] . These data suggest that in E90 RhlR and RhlI may constitute a positive 230 autoregulatory loop that may facilitate Las-independent RhlR activity. We are interested in 231 investigating alternate mechanisms, other than inactivation of mexT, through which RhlR escapes 232 LasR regulation in these "rewired" backgrounds.
234
In the present study, we aimed to identify which genes comprise the RhlR regulon in a clinical 235 isolate, which may shed light on factors important for establishment or continuation of a chronic 236 infection. Our RNA-seq analysis revealed that the E90 RhlR regulon bears a substantial amount 237 of overlap with the suite of AHL-regulated genes previously identified in PAO1[3] and consists of 238 virulence factors that are likely advantageous in the context of the CF lung. 240 A portion of the genes found to be RhlR-regulated in our transcriptomic analysis of E90 were not 241 previously reported to be QS-regulated. These genes include vqsR (PAE90_2723/PA2591) and 242 two genes of the phz2 operon (PAE90_3614-3615/PA1899-1900). VqsR is itself a LuxR-homolog 243 that serves to augment QS gene regulation, possibly through activation of the orphan QS receptor 244 QscR, although the precise mechanism and biological outcomes of this interaction are still 245 mysterious [46, 47] . Our finding that the phz2 operon, in addition to phz1, is activated by RhlR 246 may reflect ongoing QS adaptation in our selected CF isolate. While E90 appears to produce 247 slightly less bulk pyocyanin in broth culture than PAO1, pyocyanin production by E90 may be 248 comparatively greater in the biofilm lifestyle of the CF lung. The phz2 locus, while showing roughly 249 98% nucleotide identity with phz1, has been shown to be responsible for nearly all the pyocyanin 250 produced in biofilms by PAO1 and is the dominant contributor to murine lung colonization between 251 the two loci [35] . It is possible that some of these previously unreported QS-regulated genes were 252 excluded from earlier transcriptome analyses[3,28] due to different analysis approaches or 253 methodology. Of particular note, we compared a RhlR-deletion mutant to the parent strain to 254 derive our transcriptome, while some of these previous studies used signal-synthase mutants with 255 and without signal, which has been demonstrated, in the case of RhlR QS, to yield a different 256 phenotype [48] .
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We also discovered RhlR-QS-regulation of many genes that are not present in the PAO1 genome.
259 This list includes several hypothetical proteins activated as much as 15-fold in E90 compared to 260 the RhlR mutant. The list also includes the gene encoding the halogenase PrnC, a protein 261 involved in production of the antifungal antibiotic pyrrolnitrin which may be important in 262 interspecific interactions in the CF lung [49] . Our finding that RhlR-QS in E90 also appears to 263 repress genes in the programmed cell death cassette alpBCDE, points to additional potential for 264 QS regulation of population level interactions in CF-adapted strain E90.
265
266 Although we do not yet fully understand the biological significance of the RhlR-mediated 267 suppression of the phage identified in this study, we are interested in exploring its role, if any, in 268 fitness and inter-and intra-species competition in the near future. We note that had we used the 269 PAO1 genome, as opposed to the E90 de novo genome, for read alignment, we would have failed 270 to identify the phage loci and a handful of other genes. These findings therefore argue in favor of 271 using de novo genomes to improve comprehensive transcriptome analyses of clinical and 272 environmental isolates moving forward.
273
274 Strikingly, we found that in E90, RhlR but not LasR is the critical determinant of cytotoxicity in a 275 three-dimensional lung epithelium cell aggregate model. Though our study did not reveal exactly 276 which virulence factors are important for cell death in this model, our results nevertheless 277 challenge the idea that LasR-null isolates are avirulent. Instead, our data argue that some 278 virulence activity is conserved in "rewired" isolates, but that RhlR is the primary regulator of 279 several such functions.
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The scope of our analysis is limited by our examination of a single clinical isolate and laboratory 282 growth conditions were used for RNA-seq analysis, but our data provide a basis for understanding 283 regulatory remodeling of QS activity and provide avenues for future investigation. Several 284 important questions remain about QS in clinical isolates, including whether or not there is a "core" 285 regulon that is common to isolates that use either LasR or RhlR as the primary QS transcription 286 factor. Our work also serves as a starting point to test hypotheses regarding the role of RhlR- 
MATERIALS AND METHODS
293 Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are 294 described in S3 303 When appropriate, antibiotics were added at the following concentrations: 10 µg/mL gentamicin 304 or 100 µg/mL ampicillin for Escherichia coli, and 100 µg/mL gentamicin for P. aeruginosa. Cells 305 were grown at 37˚C with shaking at 250 RPM unless stated otherwise. 317 Overnight cultures were then diluted to an optical density (OD 600 , 1 cm pathlength) of 0.001 318 (approximately 1-5 x10 6 CFU/mL) in 3 mL MOPS-buffered LB supplemented with AiiA lactonase 319 in 18 mm culture tubes. After these cultures grew to an approximate OD 600 of 0.2, they were 320 diluted to OD 600 0.001 in 400 µL of MOPS-buffered LB alone in a 48-well plate with a clear bottom 321 (Greiner Bio-One). To prevent evaporation, strains were only grown in wells that did not line the 322 edges of the plate and all empty wells were filled with 400 µL water. We monitored GFP 323 fluorescence and OD 600 at 30-minute intervals for 15 hours using a BioTek Synergy HI microplate 324 reader (excitation: 489 nm, emission: 520 nm, gain: 80). All strains were grown at 37˚C with 325 shaking for the duration of the assay. To account for differences in growth, results were 326 normalized to OD 600 . As a negative control, each strain was electroporated with an empty vector, 333 Fragments flanking rhlR were PCR-amplified from E90 genomic DNA and cloned into pEXG2 to 334 yield pEXG2.E90 rhlR, which was then transformed into E. coli S17-1 in order to facilitate Δ 335 conjugal transfer of pEXG2.E90 rhlR into E90. Transconjugants were selected by plating on Δ 336 Pseudomonas isolation agar supplemented with gentamicin, and deletion mutants were counter-337 selected by plating onto LB agar with 10% (wt/vol) sucrose. Deletion of rhlR was confirmed by 338 PCR and targeted sequencing. 
